Efficient and long-lasting transfection of primary neurons is an essential tool for addressing many questions in current neuroscience using functional gene analysis. Neurons are sensitive to cytotoxicity and difficult to transfect with most methods. We provide a protocol for transfection of cDNA and RNA interference (short hairpin RNA (shRNA)) vectors, using magnetofection, into rat hippocampal neurons (embryonic day 18/19) cultured for several hours to 21 d in vitro. This protocol even allows double-transfection of DNA into a small subpopulation of hippocampal neurons (GABAergic interneurons), as well as achieving long-lasting expression of DNA and shRNA constructs without interfering with neuronal differentiation. This protocol, which uses inexpensive equipment and reagents, takes 1 h; utilizes mixed hippocampal cultures, a transfection reagent, CombiMag, and a magnetic plate; shows low toxicity and is suited for single-cell analysis. Modifications done by our three laboratories are detailed.
INTRODUCTION
Every gene transfer method aims to achieve high transfection efficiency, low toxicity and long-lasting expression. These goals are especially difficult to achieve for postmitotic primary neurons due to their high sensitivity to any microenvironmental change [1] [2] [3] [4] [5] . Many currently available transfection methods do not yield sufficiently good gene expression results to allow functional gene analysis in differentiated adherent neurons in vitro. A recent report provides a useful overview of seven different gene delivery methods, including two often-used transfection techniques (calcium-phosphate and lipofection), but excluding magnetofection 6 .
Magnetofection is a technique that can be used to reliably and efficiently introduce DNA into a variety of cell types 7 . Therefore, we have invested in designing a reliable, magnetofection-based protocol to express DNA or shRNA constructs in rat hippocampal neurons (embryonic day (E)18/19) cultured for several hours to 21 d in vitro (DIV). After transfection, neurons expressing exogenous proteins can develop normally in culture for 5-10 d. We have determined the optimum parameters for transfection efficiency such as age of cells at transfection time point, expression levels during the time after transfection and parameters for doubletransfection. This protocol shows low toxicity, uses a combination of a transfection reagent, CombiMag, and magnetic force and shows a sufficiently high efficiency in neurons (ca. 5%) to allow single-cell analysis.
We present a core protocol and illustrate the critical steps, modifications and applications carried out by our three laboratories (Medina, Fuhrer and Fritschy) [8] [9] [10] . This protocol allows single and double transfections of DNA vectors at different time points after plating. First, we present a detailed characterization of magnetofection parameters such as age of neurons, time course of protein expression after magnetofection, and transfection efficiency in pyramidal neurons and GABAergic interneurons. Three specific applications are then demonstrated. In the first application, expression of the synaptic scaffold protein gephyrin 11 was compared after early and late transfection. The slow development of GABAergic synapses proceeded normally under these circumstances, showing that gephyrin-GFP expression did not interfere with neural development and synapse formation. In the second application, we concentrated on two genes, a7 nicotinic acetylcholine receptor and the scaffold protein PICK1 10 . We achieved simultaneous expression of these two genes in GABAergic interneurons, which form a small subset of cells. This is quite an achievement, considering how hard neurons are to transfect with most methods. In the third application, long-lasting expression of shRNAs against the synaptic GTPase activating protein (SynGAP) 12, 13 was optimized. We achieved long-lasting decrease of the expression of SynGAP in neurons for up to 6 d. These three applications were successful by bringing about small variations in the cell culture and magnetofection protocol, which are mainly determined by the time point of transfection relative to plating (see Methods A-C in Table 1 ).
In comparison with the seven recently reviewed methods of gene delivery 6 , we note the following advantages of our magnetofection protocol. First, the method is cost-effective, requires no expensive equipment, is easy to perform, takes only 1 h and does not depend on preparation of complex constructs such as viruses. Second, it is not toxic for neurons, is used on young as well as mature neurons and allows long-term gene expression. Other methods are preferentially used for young neurons (e.g., 4 DIV 14 ), which are generally much easier to transfect than mature neurons, or, in the case of electroporation and nucleofection 6 , only for cells in suspension at the time of plating. Third, we achieve expression of two mammalian proteins, not only GFP (which is comparatively easy to express), in the same neuron. Most of the other protocols concentrate on only one gene, or one mammalian gene in combination Preparation of solutions 4| Dissolve DNase in distilled water to obtain a 10 mg ml À1 solution; filter and store at À20 1C in 0.3 ml aliquots.
5| Prepare fresh dissection solution and keep at 4 1C.
6|
Prepare papain solution and pre-incubate at 37 1C. Before use, add 0.01 mg ml À1 DNase I and sterilize by filtration.
7| Prepare culture medium according to Table 1 (Methods A-C). m CRITICAL STEP Always prepare fresh culture medium.
8| Prepare feeding medium if necessary according to Table 1 . m CRITICAL STEP Feeding medium does not contain any Nu-serum or antibiotics. Feeding medium can be stored at 4 1C for up to 1 week.
Culturing cell type of interest 9| Prepare the cell type of interest. This protocol describes the use of rat E18-19 hippocampal neurons. Harvest E18-19 hippocampi and dissect the hippocampi free of meninges in cooled (2-3 1C) dissection solution. m CRITICAL STEP It is essential to remove all the meninges from the hippocampi. m CRITICAL STEP The temperature of the dissection solution is critical; it should not be more than 2-3 1C. m CRITICAL STEP Optimization of neuronal cultures is an essential requirement for the success of this method. The key point to be noted is that glia-neuron coculture using defined medium has to be used, and not Banker type cultures nor glia feeder layer (in Banker cultures, neurons are separated from a glia feeder layer but are immersed in the same medium, which has a different composition than ours 15, 16 ). All our attempts to modify this protocol gave negative results. Also, we failed to transfect neurons prepared using other protocols, particularly those grown in neurobasal media. m CRITICAL STEP In our experience, the batch of Nu-serum varied, so it is essential to do a titration experiment with different Nuserum concentrations (e.g., 10%, 15%, 20% (all vol/vol)). 13| Calculate the number of neurons using a Neubauer plate. Place a 10 ml sample of the cell suspension onto the Neubauer plate and cover it with a cover glass. Capillary action completely fills the chamber with the sample. Count the cells in an area of 1 mm 2 (equals a volume of 100 nl) using a microscope. Multiplying the number of counted cells by 10 4 gives the number of cells per milliliter.
14| Dilute the dissociated neurons to the desired concentration with culture medium. Plate cells at a density according to Table 1 . In Method A, the plating volume is 200 ml per coverslip with 50,000 cells. In Methods B and C, dilute the cell suspension to a desired concentration (200,000-600,000 cells per ml) and directly apply 2 ml of suspension to the 35 mm dish. ! CAUTION We recommend optimization of the number of cells relative to the dish/coverslip used. Usually from ten embryos, we prepare 20-25 culture dishes (35 mm).
15| Let the cells adhere to the coverslip for 1 h at 5% CO 2 /37 1C. If using 18 mm coverslips in 12-well plates (Method A, Table 1 ), transfer the coverslip to the 12-well tissue culture plate and add 2 ml of culture medium per well; in our experience, more medium is toxic to cells. This step is not required for 35 mm dishes.
16| Grow the cells at 5% CO 2 and 37 1C, until the desired time point for transfection. m CRITICAL STEP Optimal neuronal growth before magnetofection is a key parameter for successful experiments. It depends on the initial cell density, pH of the culture medium (7.2; verify that the incubator has the correct %CO 2 settings) and medium supplementation with Nu-serum and B27. In particular, problems with astrocyte overgrowth can be solved by varying the concentration of Nu-serum. m CRITICAL STEP In good-quality cultures, neurons are equally distributed throughout the dish or coverslip during the whole period of culturing. Aggregation of neurons in clusters after 7-10 DIV markedly affects transfection efficacy. Also, neurons growing in clusters might have different properties (synapse density) as compared to neurons growing as a monolayer. m CRITICAL STEP For short-term transfection of mature neurons (10-12 DIV; Method A in Table 1 ), the initial cell density is relatively low and addition of B27 to the culture medium is required to stimulate neuronal growth. We recommend leaving the cells in the same culture medium for the entire time from before magnetofection up to 12 DIV. In our experience, the cells suffer from repeated medium changes. m CRITICAL STEP Specific comments for Methods B and C: for magnetofection of immature neurons (6 DIV; Method B in Table 1) , it is better to start with a density of 600,000 cells per 35 mm dish and without B27; if transfection is long-term (44 d), a feeding medium containing B27 is required after transfection (Method C in Table 1 ); finally, for late magnetofection (414 DIV; Method C in Table 1 ), a higher initial cell density is necessary (800,000 cells per 35 mm dish), and the culture medium is replaced gradually with a feeding medium containing B27. Start feeding the neurons at 5 DIV and change 50% of the medium every 3 d. Twenty-four hours before transfection, replace 50% of the culture medium with fresh medium. m CRITICAL STEP Best results with Methods B and C are obtained by growing cells on 14 mm coverslips placed in 35 mm plastic dishes. Place these culture dishes into a larger (150 mm) Petri dish to prevent evaporation of the culture medium. Incubate cultures in the CO 2 (5%) incubator at 37 1C.
? TROUBLESHOOTING Magnetofection procedure 17| Prepare or obtain DNA constructs of interest. m CRITICAL STEP The use of high-quality DNA obtained with Maxi prep kits and additional purification with phenol/chloroform improves transfection efficacy.
18| Prepare transfection mixture. The following procedure applies for both cDNA and shRNA vectors. First combine DNA and OptiMEM in one Eppendorf tube (solution A). Different concentrations of reagents are required for Method A and for Methods B and C (see Table 1 ). m CRITICAL STEP Double-magnetofection can be difficult; do not exceed a total of 1 mg DNA, as it considerably decreases the rate of transfection. Table 1 ). m CRITICAL STEP You can keep the diluted CombiMag solution for up to 1 month at 4 1C, but we do not recommend use of older solutions.
22| Add CombiMag solution to the combined solutions A and B (CombiMag-DNA-lipofectamine 2000), mix and incubate for 15 min at room temperature (see Table 1 ). m CRITICAL STEP Gently handle the DNA transfection complex.
23| For 18 mm coverslips (Method A, Table 1 ), take the 12-well dish containing cultured neurons out of the incubator and remove half of the culture medium. Leave 1 ml per well. Store the removed medium. m CRITICAL STEP Ensure that the cultured neurons are on the top of the coverslip.
24|
Carefully add CombiMag-DNA-lipofectamine 2000 complex dropwise to cells.
25| Incubate cells on a pre-warmed magnetic plate at 37 1C for a minimum of 25 min. m CRITICAL STEP The transfection time on the magnetic plate is a critical point. In our experience, longer transfection time results in higher transfection efficiency, but often higher toxicity. m CRITICAL STEP Transfection efficiency is dependent on the plasmid backbone.
26|
Replace the medium including CombiMag-DNA-lipofectamine 2000 complex (see Table 1 ). m CRITICAL STEP In immature neuronal cultures (o10 d), the entire medium can be replaced with saved pre-warmed culture medium or feeding medium (never let neurons dry). In older neurons, complete removal of the medium will damage neurons. Days after transfection Transfection of mature neurons in culture is more difficult than transfecting immature neurons. Our method allows successful magnetofection of neurons at different time points in culture, allowing to either study synaptic development in young neurons (o10 DIV) or magnetofect mature cells (410 DIV), which have built up a synaptic network. Using different DNA or shRNA vectors in mixed neuron-glia cocultures, we noticed that these constructs are efficiently expressed in neurons but not astrocytes.
Seeking an optimal method of gene expression, we also tested, in parallel with magnetofection, electroporation of hippocampal cultures as well as the calcium-phosphate method of transfection, using established protocols 17, 18 . We found that out of these three approaches only magnetofection allowed efficient and highly reproducible transfection of our neuronal cultures at later stages of development (10-21 DIV). We therefore concentrated our efforts on optimizing magnetofection. A recent publication reported an improved calcium-phosphate approach that also allowed neuron transfection at later stages of development, although doubletransfection was not mentioned and the focus was on GFP 1 . Nevertheless, our magnetofection protocol remains an alternative, simple and powerful technique of neuronal transfection that does not require complex manipulations with different incubators, coverslip transfer, and use of blockers of N-methyl D-aspartate channels and does not deal with calcium-phosphate precipitate, a product that can potentially modify calcium balance in developing neurons and influence phosphorylation processes, leading to cell death.
Optimized neuronal culture for magnetofection
We found that optimization of the neuronal culture medium is an essential requirement for a high magnetofection rate and optimal neuronal development and survival. Key points to note are that we do not use Banker type cultures, nor glia feeder layer; instead, we use a glia-neuron coculture with defined media. Depending on the magnetofection time point, optimal results depended on appropriate cell density and medium composition, notably, the addition of B27 and the appropriate Nu-serum concentration (see Table 1 ). B27 appears to be essential for long-term neuronal survival, whereas Nu-serum allows balancing the density of neurons and astrocytes in mixed cultures. Further, the CO 2 concentration and the pH of the medium are important parameters for achieving efficient magnetofection. The three methods presented need to be tested and adjusted, based on the individual results and experimental requirements.
Cell culture characterization and magnetofection rates Figure 1 shows experiments investigating the efficacy of culture transfection at different stages of development and the kinetics of exogenous protein (EGFP; Clontech vector no. 6077-1) expression. To enable comparison of transfections performed at different stages, all experiments were performed using Method C and on nominally identical cultures (i.e., same neuronal densities at plating and same procedures of culture feeding). In all cultures, the first fluorescent neurons expressing GFP appeared 16 h after magnetofection. The peak of EGFP expression was reached 36 h after magnetofection (Fig. 1a) . Afterward, the number of transfected neurons progressively decreased; however, at least 5% of neurons transfected at 9 DIV survived for more than 10 d (Fig. 1a) . Interestingly, long-time-surviving neurons were neurons in which detectable levels of EGFP expression appeared only 48-72 h after magnetofection (Fig. 1c,d) . Most of the neurons expressing high levels of the exogenous protein 16-24 h after transfection disappeared within 2-3 d. Taken together, this suggests that the disappearance (death) of transfected neurons was rather related to neuron exhaustion promoted by extensive protein synthesis than to toxicity of GFP itself. The number of transfected neurons in most of the experiments performed at 5-9 DIV (Method C) ranged from 30 to 60 neurons per 14 mm coverslip with extremes of 10 and 165 transfected neurons (Fig. 1b) . In older cultures, the number of transfected neurons decreased with culture age and ranged from 2 to 20 neurons in transfections performed at 21 DIV.
Magnetofection of 5-10 DIV neuronal cultures was extremely reliable and could be performed following any method (A, B or C) and in cultures with different neuron densities. Methods A and B allow high efficacy of transfection and short-term protein expression (see Fig. 2 ), whereas Method C is optimized for long-term expression. After establishing our techniques, we practically had no failures in neuron transfection (more than 150 magnetofections were performed by the Medina laboratory (Methods B and C), 70 transfections by the Fritschy laboratory (Methods A and B) and more than 80 transfections by the Fuhrer laboratory (Method A)).
Magnetofection of mature neurons (414 DIV) is more delicate and requires optimization of neuronal density and regular media exchange (Method C). Using this approach, we obtained successful transfection of 27 out of 38 cultures at 21 DIV. We noted that all failures of neuronal magnetofection at 21 DIV were related to bad culture qualities (low neuron density or neuronal death after media change), but never to the magnetofection procedure itself.
In all three methods, all our attempts to substitute the culture media, described in MATERIALS and PROCEDURE, with alternative media were negative: the cellular morphology or transfection efficacy were worse.
We have, however, obtained a similar degree of neuron transfection in all our experiments performed in 5 DIV hippocampal cultures prepared from newborn rat embryos (more than 50 magnetofections 8 rat neurons (n¼7). Our magnetofection method also works efficiently in hippocampal and cortical cultures of embryonic and newborn mice (data not shown). Figure 2 illustrates the results of a representative neuronal magnetofection at 11 DIV using an EGFP vector and Method A ( Table 1) . Analysis at 12 DIV revealed that 8% of the neurons were transfected, a proportion typically achieved with this protocol. More importantly, about 2% of GABAergic interneurons, a minor subpopulation of cells in the hippocampus that can be recognized with specific neurochemical markers, were also transfected. We noticed that GABAergic interneurons are more resistant to magnetofection than pyramidal cells and we routinely obtained 3-15 transfected interneurons per 18 mm coverslip, thus enabling efficient analysis at the single-cell level (Fig. 3) .
Recently, OZ Bioscience introduced a new improved magnetic bead-based kit (NeuroMag) for magnetofection. This novel reagent is supposed to give higher transfection efficiency, less toxicity and does not require media change after transfection.
Application 1: GFP-gephyrin expression in young and mature neurons (Method B)
We transfected cultures with either GFP cDNAs or GFP-gephyrin cDNAs at 6 or 10 DIV and examined them at 12 DIV to determine whether long-term expression of recombinant proteins affects neuronal growth and synapse formation. Gephyrin is a cytoplasmic protein selectively localized in GABAergic and glycinergic postsynaptic densities 11 . Exogenous gephyrin was readily detected by GFP, whereas both endogenous and exogenous gephyrin could be immunostained with antibodies for selective detection. The results of these experiments showed that magnetofection at 6 DIV with either GFP or GFP-gephyrin did not interfere with neuronal growth or synapse formation (Fig. 4a,b) . The slow development of GABAergic synapses proceeded normally under these circumstances. Furthermore, GFP-gephyrin was expressed at levels comparable to endogenous gephyrin, allowing its detection at postsynaptic sites, in combination with specific markers. This result is remarkable, as gephyrin expression appeared physiological and long-lasting and did not interfere with neural development. For transfection at 10 DIV, Method B had to be adapted: the culture medium was exchanged 24 h before transfection with the feeding medium used for Method C (see Table 1 ). The resulting morphology of the neurons was improved by this step.
Application 2: Double-magnetofection of GABAergic interneurons (Method A)
We tested whether the magnetofection method allows expression of two genes in one neuron. The proteins chosen were a7 nAChR, a nicotinic acetylcholine receptor found in many neurons throughout the CNS and particularly enriched in GABAergic interneurons in the hippocampus, and PICK1, a protein involved in the trafficking of glutamate receptors and enriched at glutamatergic synapses 10, 19, 20 . Our method achieved expression of these two genes in pyramidal hippocampal neurons and even in a small subpool of cells, the hippocampal GABAergic interneurons. This is quite a remarkable achievement, considering how hard neurons are to transfect, and considering that only B3% of all neurons in our cultures were GAD (glutamic acid decarboxylase)-or VGAT (vesicular GABA transporter)-positive, thus revealing a low density of GABAergic interneurons. Exogenous GFP-gephyrin (green) was compared to the GABA A receptor a2 subunit (red, c1) and to endogenous gephyrin (immunostained with the monoclonal antibody mAb7a; blue, c2). The overlay is shown in c3. Note that GFP-gephyrin forms clusters containing the a2 subunit (yellow in c1 and white in c3) and intracellular aggregates (cyan in c2 and c3). It is almost completely colocalized with endogenous gephyrin, as evidenced by the lack of blue clusters on the transfected cell. Scale bars: (a,b) 5 mm; (c) 20 mm. Figure 3 shows a selection of pictures demonstrating successful transgene expression after magnetofection of hippocampal GABAergic interneurons and hippocampal pyramidal cells. Double-magnetofection was performed using a7 nAChR-Flag, together with PICK1-EYFP or EYFP expression constructs. a7 nAChR surface cluster expression was detected using an antiFlag antibody, and VGAT was used as a marker for interneurons. (Fig. 5a ).
Neurons magnetofected with SynGAP RNAi show a decreased level of SynGAP expression 24 h after magnetofection (Fig. 5) . Three days after magnetofection and beyond (up to 6 d), clusters of SynGAP were not detectable anymore in all magnetofected neurons. In conclusion, magnetofection is an inexpensive and rapid method that gives successful results for young as well as mature neurons, using different DNA or shRNA constructs, achieves long-lasting expression and even double-magnetofection of a subpopulation of cells. 
